We conducted field monitoring of bedload transport rate associated with experimental sediment 3 release in a natural channel to clarify behavior of the supplied sediment on mixed size bed. 4
were intended to collect the suspended sediment, contained only sediments finer than 1 mm. The 1 bedload was also sampled at site H 1 by a bedload trap consisting of a metal rectangular frame with a 2 width of 40 cm, and a net (with an opening of about 1 mm) that covered the frame and captured the 3 passing sediment. The trap was installed in the channel bed for the period between 15:00 on June 16 4 and 9:00 on June 17, to observe the bedload rate from the area upstream of the dam. 5
The water height was measured using a capacitance water-level probe (Trutrack, WT-HR) with 6 a measurement range of 0.5 m (accuracy, ± 5 mm) at intervals of 30 s. Temporal changes in the 7 cross-sectional area of the stream water were estimated from the water height recorded with the 8 water-level probe and the cross-sectional surveys ( Figure 2 ). The discharge was calculated from the 9 cross-sectional area of the stream water based on the water velocity estimated using Manning's 10 equation. The roughness coefficient of Manning's equation (0.08) was estimated from the channel 11 gradient around site H 2 and the water velocity was measured using floats. As the deposition of bedload 12 sediment might affect the roughness of the channel bed surface, the roughness coefficient might vary 13 with time. However, we fixed the value of the Manning's roughness coefficient because of the 14 difficulty in observing these temporal changes. Furthermore, the flow velocity observed using the 15 floats represented the value near the water surface rather than the average value. Consequently, our 16 estimation of flow velocity might have included some errors. 17 Three samples of the bed surface and subsurface material (depth, < 10 cm) around site H 2 were 18 collected before and after the sediment supply, to clarify the changes in the grain-size distribution of 19 riffles. Each sample was shovelled into a scoop, to minimize the washing of fine sediments by stream 20 flow. Because riffles occupied more than 70% of the area between sites A and B (Figure 2 ), we 21 assumed that changes in the grain-size distribution around H 2 represented changes in the size 22 distribution over the majority of the channel area. Three sediment samples were collected from the 23 dam pond at various depths. The grain-size distribution of the deposited sediment in the dam pond was 24 analyzed using the same sieve classes as those used for the bedload sediment. A detailed longitudinal 25 profile of the channel reach was produced using an engineering level before the first flushing. A metal 26 rod with a length of about 1 m was plunged into the bottom of a pool located about 5 m downstream ofsite A, in order to observe the difference in the bed-surface level before and after the experiment. 1 2
Analytical methods 3
Shear stress is one of the most important factors controlling the mobility of sediment. The 4 dimensionless shear stress, τ * (Shields parameter), which is an index used to compare shear stress 5 values under different site conditions, is given by the following equation, 6 ( ) ( )
where σ is the mass density of the sediment (~2.65 kg m -3 ), ρ is the mass density of water (~1.0 × 10 3 8 kg m -3 ), g is the acceleration of gravity (9.8 m s -2 ), d is the grain size of the sediment (m), and τ is the 9
shear stress (ρgRI, where R is the hydraulic radius (m) and I is the channel gradient). 10
Since it was first proposed by Parker et al. (1982) , the fractional transport rate of bed materials 11 has been applied to examine the size-dependent sediment mobility. The fractional transport rate 12 (q bi /F bi ), which is the transport rate of the individual size fractions (q bi ) divided by the proportion of 13 each fraction (F bi ) in the bed material of the ith size range, is an effective indicator of the extent of 14 selective mobility (Parker et al., 1982; Wilcock and McArdell, 1993) . The fractional transport rate of 15 the transported sediment was calculated using the grain-size distributions of bedload samples 16 collected at sites A and B. The bed-surface material collected at site H 2 was used to provide 17 representative values for the bed surface and subsurface sediment. For the estimation of the fractional 18 transport rate, we assumed that the particle-size distribution of the bed-surface sediment was constant 19 during the bedload sampling period. 20 
21

Results
22
Flushing water and changes in discharge 23
The discharge at site H 2 increased soon after the opening of the dam gate (Figure 3) , and 24 decreased gradually with some surges after the peak at 11:04 (0.15 m 3 s -1 ). The discharge had subsided 25 to a level similar to that observed prior to the experiment by 11:30, and thereafter remained at 1 pre-flushing levels ( Figure 3 ). We did not record discharge data after 12:04, because the aggradations 2 around site H 2 prevented the water-level probe from functioning properly. No clear changes in 3 discharge were observed after the cessation of bedload sampling. The changes in flow velocity and 4 shear stress at sites A and B were estimated from the cross-sectional profile at each site and the 5 discharge observed at site H 2 ( Figure 3 ). Both the velocity and the shear stress peaked soon after the 6 opening of the dam gate. The shear stress at site B exceeded that at site A, because of the steeper 7 channel gradient. A culvert pipe located between the dam and site A might have affected the flow 8 conditions (i.e., the velocity and water height) immediately downstream of the pipe. Based on a field 9 survey, no direct influence of the pipe on the flow around site A (e.g., the jet from the pipe) was 10 identified during the study period. We therefore believe that the direct impact of the pipe on the flow 11 conditions in the channel between sites A and B was negligible. 12
Grab-water samples collected at intervals of 2-5 min until the dam gate was closed at 11:55 13 showed that the SSC ranged from 400 to 5,000 mg l -1 . The SSC during the first flushing ranged from 14 1,600 to 2,000 mg l -1 . Therefore, the suspended sediment did not significantly affect the density of the 15 stream water during the experimental. Based on the field survey, the stream flow was characterized as 16
Newtonian throughout the experimental period. The transported sediment tended to accumulate in the bed substrate during the passing of the 1 sediment wave. The observation of the bed-surface level using a metal rod installed in the pool about 5 2 m downstream of site A indicated that 17.7 cm of sediment was deposited. The deposition of sediment 3 was identified not only in pools but also in riffles. The total masses of the bedload sediment that passed 4 the sampling sites were estimated as the sum of the bedload rate multiplied by the sampling interval 5 ( Table 2 ). The total mass of the bedload sediment was 691 and 201 kg at sites A and B, respectively. 6
Therefore, a total of 490 kg sediment was deposited in the area between sites A and B, based on the 7 mass-balance calculation. As the distance between sites A and B was 31.2 m, and the average channel 8 width was 1 m, the mean amount of sediment that was deposited in the study reach was of 16 kg m -2 . 9
Thus, the mean depth of deposition was approximately 8.5 mm, as calculated from a sediment density 10 of 2.65 t m -3 and a porosity of 0.7. Sediment deposits that were > 10 cm in depth were identified in a 11 pool, suggesting that their depth varied spatially in association with the channel topography. Based on 12 the bedload samples, a total of 6. The peak bedload rate for the coarser sediment was reached slightly faster than that for the finer 19 sediment at both sampling sites ( Table 1 ). The time lags between the peak bedload rates of the 1-2 mm 20 sediments and the 8-16 mm sediments were 5 and 8 min at sites A and B, respectively. The highest 21 peak bedload transport rate was observed for grain sizes ranging from 1 to 4 mm at site A. Finer 22 sediments (i.e., diameter, 1-4 mm) showed a sharp bedload peak compared with coarser sediments 23 (i.e., diameter, 8-16 mm). For all grain-size fractions, the total bedload transport rate at site B was 24 smaller than that at site A ( Table 2 ), indicating that sediments of all grain-size fractions were deposited 25 in the area between sites A and B. The ratio of deposition was greatest (80%) for the 1-2 mm 26 grain-size class, followed by the 2-4 mm grain-size class. The differences in the deposition ratioamong the grain-size classes indicated significant sorting of the bedload material in the channel 1 between sites A and B. 2
The bedload velocity, which was estimated as the time lag of the peak bedload rate between 3 sites A and B divided by the distance between the two sites, ranged between 0.021 and 0.031 m s -1 4 (mean, 0.025 m s -1 ; Table 1 ). The frontal part of the sediment wave might have been deposited within 5 the area before reaching site B. Hence, the velocity might not precisely represent that of individual 6 particles. Instead, the velocity can be considered as an index of the velocity of the sediment wave. 7 8
Fractional transport rate and dimensionless shear stress 9
The fractional transport rate was calculated for the small bedload rate peak immediately after 10 the opening of the dam gate (11:04 to 11:05) and during the maximum bedload peak (at 12:23 for site 11
A and at 12:40 for site B). For both of these peak bedload rates, the fractional transport rate of the finer 12 sediment tended to exceed that of the coarser sediment ( Figure 5 ). For the small bedload peaks at 13 11:04 and 11:05, the curves showed gradual decreases in the transport rate with increasing grain size. 14 This showed that the sediment entrainment of the fine materials tended to be greater than that of the 15 coarse materials. 16 Our observations indicated that most of the mobile sediments during the second peak originated 17 from the sediment sources of the dam (the sediment wave). The fractional transport rate in the second 18 sediment peak was approximately one to two orders of magnitude greater than that in the first 19 sediment peak (during the peak flow) at site A. The ratio of the second sediment peak to the first 20 sediment peak was the highest (53) for the 2-4 mm grain-size class and lowest The transport rate of each grain-size fraction at sites A and B suggested significant sorting of 4 bedload material and deposition in a relatively short 30-m channel reach ( Table 2 ). An analysis of the 5 fractional transport rate also showed that sediment with a diameter of 1-4 mm tended to be deposited 6 in the channel reach ( Figure 5 ). These results indicate that sediment deposition at the bed-surface scale 7 roughness element including the matrix of the coarser sediment. This type of sediment deposition 8 occurs when finer sediments pass over a channel bed with a well-developed armour layer. As finer 9 sediment can clog the matrix of the armour layer, it was indeed selectively deposited during the 10 experiment, leading to a greater deposition rate for fine particles ( Table 2 Figure 4 ). 14 Sediment also tended to accumulate in reach-scale channel roughness components (i.e., pools) 15 in the step-pool dominant channel reach. As the channel gradients did not differ significantly between 16 sites A and B (Figure 2 ), the average cross-sectional shear stress was expected to be similar throughout 17 the study section when the discharge was constant. Therefore, deposition was likely to have occurred 18 in the pools where the flow velocity tended to be low. In fact, sediment deposition with a depth > 10 19 cm was observed in pools during our field survey. Sediment deposits in pools were noted during 20 natural rainfall-runoff events according to field measurements conducted before and after natural 21 The bedload transport observed immediately after the dam opening was induced by the increase 21 in discharge under supply-limited conditions. Sediment for entrainment was available only from the 22 bed surface and subsurface. As the bedload rate of the coarser sediment (i.e., > 16 mm) comprising the 23 armour layer and step pool was negligible, most of these structures remained stable during the flushing 24 peak. The fine sediments in the bed-surface patches might be a source for bedload transport during the 25 flushing peak (Garcia et has been destroyed, the grain-size distribution of the subsurface layer might also become an important 13 factor for explaining the bedload transport rate. 14 
15
Movement of sediment wave 16
The bedload transport after 11:55 was apparently caused by the arrival of the sediment wave 17 from the dam, as changes in the bedload rate were not associated with the increase in discharge that is 18 needed for re-migration of the bed material ( Figure 3) . As was the case with the bedload transport 19 during the flushing peak after dam opening, selective transport was the dominant mode of bedload 20 transport during the passage of the sediment wave, as shown by the analysis of the fractional transport 21 rate ( Figure 5 ). The velocity of stream water observed around site H 2 was about 0.5-1 m s -1 (Figure 2) , 22
indicating that the velocity of the sediment wave (0.021-0.031 m s -1 ; Table 1 ) was an order of 23 magnitude lower than that of the stream water. Under low-flow conditions, the bedload particles were 24 deposited continuously and then transported through the channel reach along with the sediment wave 25 (Lisle et al., 2001) .
Although the discharge remained in a steady state after 11:15, changes in the bedload rate were 1 observed with the passage of the sediment wave. This indicated that the relationship between the 2 bedload rate and shear stress was unclear during the passage of the sediment wave. A weak 3 relationship between the bedload rate and shear stress has also been reported in other studies (Garcia et  4   al., 1999; Garcia et al., 2000) . The shear stress during the passage of the sediment wave (85 and 140 N 5 m -2 at sites A and B, respectively) was lower than that during the flushing peak (142 and 218 N m -2 , 6 respectively). However, more sediment particles tended to be mobilized when the sediment wave 7 approached sites A and B. The sediment mobility for a given grain size is affected by the transport of 8 sediment of other grain sizes (Andrews, 1983; Bunte, 1992 Parker et al., 1982; Andrews, 1983; Ferguson, 1994) . Despite such reported values, the 19 maximum particle size of the bedload (< 31.5 mm) during the arrival of the sediment wave was smaller 20 than the median diameter of the bed-surface material. In addition to the wide grain-size distribution of 21 the bed material and the roughness elements provided by step-pool structures, the differences between 22 the estimated critical shear stress and the transported materials probably enhanced the selective 23 transport in the Hirudani watershed. 24
The peak bedload rate of the coarser sediments was reached before that of the finer sediments at 25 both sites A and B (Table 1) This resulted in delayed responses of fine particles relative to coarse particles. 7 8
Summary and Conclusions 9
We examined the bedload transport during experimental sediment release from a check dam in 10 a headwater stream in Japan. Two types of bedload rate peak depending on different sediment-supply 11 conditions were observed during the experiment: first, the transport of bed-surface sediment (i.e., fine 12 sediment in patches between coarse sediments) caused by the increase in discharge under 13 supply-limited conditions; and second, the arrival of the sediment wave from the dam pond. Although 14 the shear stress during the passage of the sediment wave was lower than that during the flushing peak, 15 more sediment tended to be mobilized when the sediment wave approached. The experiment was 16 conducted under low-discharge conditions, and the armour and step-pool structures remained stable 17 during the experiment. However, the difference in the total volume of the bedload sediment between 18 the two observation sites along the channel indicated that the deposition of sediment occurs as the 19 sediment wave progresses downstream. Field observations revealed sediment deposition in pools as 20 well as the intrusion of fine particles into the coarser sediment that formed an armour layer. Thus, the 21 sediment supplies during a low-discharge event can significantly change both the bed-surface scale 22 and the reach-scale channel structures. The impact of the sediment supply on the downstream channel 23 depends on both the bed form and the grain-size distribution of the bed-surface sediment over which 24 the supplied sediment passes. The water depth and the grain size of the substrate sediment, which 25 control the shear stress, can be altered by changes in sediment availability during flushing andsediment wave migration. 1
In gravel-bed rivers, the impact of the sediment supply on the bedload rate has rarely been 2 examined because of the difficulties involved in observing the bedload rate during natural rainfall 3 events. As with the fine sediment found in patches between coarse particles (Garcia et al., 1999 Discharge, flow velocity and shear stress at sites A and B are also illustrated. Note that the scales 8 differed for the total bed-load rate and the bed-load rate for each size fraction (y-axis). 9 Fractional transport rate
